ABSTRACT Stellar companions can influence the formation and evolution of planetary systems, but there are currently few observational constraints on the properties of planet-hosting binary star systems. We search for stellar companions around 77 transiting hot Jupiter systems to explore the statistical properties of this population of companions as compared to field stars of similar spectral type. After correcting for survey incompleteness, we find that 47% ± 7% of hot Jupiter systems have stellar companions with semi-major axes between 50 AU-2000 AU. This is 2.9 times larger than the field star companion fraction in this separation range, with a significance of 4.4σ. In the 1 AU-50 AU range, only 3.9 +4.5 −2.0 % of hot Jupiters host stellar companions compared to the field star value of 16.4% ± 0.7%, which is a 2.7σ difference. We find that the distribution of mass ratios for stellar companions to hot Jupiter systems peaks at small values and therefore differs from that of field star binaries which tend to be uniformly distributed across all mass ratios. We conclude that either wide separation stellar binaries are more favorable sites for gas giant planet formation at all separations, or that the presence of stellar companions preferentially causes the inward migration of gas giant planets that formed farther out in the disk via dynamical processes such as Kozai-Lidov oscillations. We determine that less than 20% of hot Jupiters have stellar companions capable of inducing Kozai-Lidov oscillations assuming initial semi-major axes between 1-5 AU, implying that the enhanced companion occurrence is likely correlated with environments where gas giants can form efficiently.
1. INTRODUCTION Almost half of all FGK stars are in multiple systems (Raghavan et al. 2010) . Therefore, it is important to understand the role that stellar companions play in the formation and evolution of planetary systems. In addition, ongoing transit surveys have demonstrated that a majority of apparently single stars host planets, and have provided unprecedented new opportunities to compare the properties of planets located in binary star systems to those of single stars (Winn & Fabrycky 2015) .
The recent proliferation of high contrast imaging of planet hosting stars is closely linked with the Kepler mission, as this survey was the first to produce large numbers of transiting planet candidates for which radial velocity confirmation was impractical. For these systems, high contrast imaging is required in order to eliminate astrophysical false positives and to correct for dilution of transit light curves. Prior to Kepler, the first reports of stellar companions came from serendipitous discoveries from newly obtained high contrast images or archival images reported along with the planet discovery (e.g. Collier Cameron et al. 2007 ). Then, "Lucky imaging" techniques (e.g. Daemgen et al. 2009 ) used adaptive optics (AO) to perform systematic surveys with small sample sizes and modest sensitivity. More recently, there have been a series of larger AO surveys targeting Kepler planet candidate host stars using state-of-the-art methods and large telescopes to perform diffractionlimited imaging, allowing for better survey sensitivity, especially at short wavelengths (e.g. Adams et al. 2012; Dressing et al. 2014; Wang et al. 2014) . A full review of these campaigns can be found in Ngo et al. (2015) .
In this work, we continue the search for stellar companions in systems with hot Jupiters transiting FGK stars in order to explore the potential role of these companions in planet formation and migration. . This original survey sample contained two subpopulations: stars that host planets with some dynamical signature of multi-body interactions, such as a measured offset between the orientation of the planet's orbit and the host star's spin axis or a non-zero orbital eccentricity, and stars that host planets on wellaligned orbits and with orbital eccentricities consistent with zero to three sigma. Our direct imaging survey was the first to apply a statistical approach to estimate the fraction of hot Jupiter host stars with gravitationally bound stellar companions including a correction for survey sensitivity. We found a stellar companion rate of 48% ± 9% in the 50-2000 AU region, showing moderately significant (2.8σ) evidence for a larger companion fraction around solar-type hot Jupiter hosts than solartype field stars. Our survey was also the first to systematically examine a sample of planets with spin-orbit measurements, allowing us to compare misaligned and well-aligned systems. We found no evidence for a correlation between the presence of an outer stellar or planetary companion in these systems and the orbital properties of the inner transiting hot Jupiter.
More recently, there have been four large direct imaging surveys for companions to transiting gas giant planet hosts Although the higher binary fraction of hot Jupiter host stars suggests these stellar companions play a role in the creation of hot Jupiters, it is unclear exactly what this role might be. In one class of scenarios, the presence of a stellar companion might cause gas giant planets formed at larger separations to migrate inward via secular interactions such as the Kozai-Lidov effect (e.g. . If stellar Kozai is the dominant migration mechanism, it should result in a population of hot Jupiters with a broad distribution of orbital inclinations that is closely correlated with the presence of companions. However, our earlier direct imaging survey finds no correlation between the orbital properties of the transiting planet and stellar multiplicity, suggesting that Kozai-Lidov migration is probably not the dominant channel for the generation of hot Jupiter spin-orbit misalignment. Instead, our results signal broad agreement with the primordial excitation of stellar obliquities (e.g., Spalding & Batygin 2014 Lai 2014; Fielding et al. 2015) .
In an alternative scenario, we consider the possibility that stellar binaries are more favorable locations for the formation of gas giant planets. Some previous studies suggested that stellar companions might suppress gas giant planet formation by exciting planetesimal velocity dispersions (Mayer et Other theoretical studies, however, have shown that disk self-gravity successfully shields planet-formation environments from companion-driven secular excitation of embedded orbits (Batygin et al. 2011; Rafikov 2013). The observed enhanced binary rate for hot Jupiter host stars suggests that planet formation is indeed unhindered in these systems.
In this study we increase the sample size of our direct imaging survey from 50 transiting hot Jupiter systems to 77 systems in order to take a closer look at the properties of the observed population of stellar companions and to place improved constraints on the possible effects of these companions on hot Jupiter formation. We obtain a more precise measurement of hot Jupiter stellar multiplicity and characterize the mass ratio as well as semi-major axis distributions of the observed population of companions as compared to those of solar-type field stars. Finally, while our previous work shows that hot Jupiter migration via Kozai-Lidov oscillations is unlikely, this work uses the larger sample size to place quantitative upper limits on this migration mechanism. This paper is structured as follows. Section 2 describes our observations. In Section 3 we characterize companion properties and determine our contrast limits. Section 4 describes each of the individual multistellar systems detected in our new observations. Section 5 reports our survey results, companion rates, and trends in the properties of the observed population of stellar companions. Section 6 discusses the implications of our results for hot Jupiter planet formation and constrains the fraction of systems affected by Kozai-Lidov. Section 7 presents a summary of this work.
SAMPLE SELECTION AND OBSERVATIONS
Our total sample consists of 82 systems known to host transiting gas giant planets. We divide our sample into two populations. The first population, containing 77 stars, is our "survey sample", which is the only population we use in all of the estimates of hot Jupiter companion fraction and other constraints presented in this work. The first 50 targets in this sample are the same set of stars used in the first three FOHJ papers. For more information on the selection of these targets, see Knutson et al. (2014) . The remaining 27 targets are new systems with transiting gas giant planets with masses between 0.27 M Jup and 4.06 M Jup and separations between 0.014 AU and 0.061 AU. They were selected without regard to whether or not the stars had directly imaged stellar companions reported by other imaging surveys. We also relax our previous preference for systems with published spin-orbit alignment measurements, as our initial survey results found no evidence for any correlation between this parameter and the presence of a stellar companion.
The second population is a set of five targets (HAT-P-54, WASP-36, WASP-58, WASP-76, WASP-103) that we decided to observe only after their stellar companions were reported in the published literature (Wöllert et al. 2015; Wöllert & Brandner 2015) . Therefore, they do not form a part of our survey population and we exclude them from our statistical analysis discussed in Section 5. We characterize the companions around these non-survey targets following the same procedure as the survey targets, to be described in Section 3, and report on these systems individually in Section 4. Although these targets cannot be fairly considered in our determination of the hot Jupiter companion rate, we are still able to confirm the existence of the companions around non-survey targets from previous studies and provide new or updated companion properties.
We obtained K band AO observations using the NIRC2 instrument (instrument PI: Keith Matthews) on Keck II between February 2012 and January 2016. These new observations are summarized in Table 1 . We follow the same procedure described in Ngo et al. (2015) . We operated in the natural guide star mode using the narrow camera setting, which yields a plate scale of 10 mas pixel −1 . Each survey target had at least one series of K band observations with at least 105 seconds of on-sky integration time. As in our previous survey, this strategy allows us to reach contrasts of ∆K of 8 magnitudes at 1 ′′ of separation. For targets where a companion was detected, we also take observations in J and/or H bands in order to obtain a measurement of the companion's color. We also test for common proper motion using additional epochs of K band imaging obtained 1-3 years after the initial detection. These followup photometric and astrometric observations may have shorter integration time.
We use dome flats and dark frames to calibrate our images and to identify hot pixels and dead pixels using the criteria described in Ngo et al. (2015) . We utilize these individual calibrated frames for our photometric and astrometric analysis, while we perform our sensitivity calculations on the median stack of these individual frames.
3. ANALYSIS OF COMPANION PROPERTIES 3.1. PSF fitting We identify candidate companions around 15 of our target stars (see Figures 1 and 2) . We summarize the stellar parameters for all observed stars in Table 2 .
We measure the flux ratio and on-sky separation for each detected multi-stellar system by fitting each image with a multiple-source point spread function (PSF) modelled as a combination of a Moffat and Gaussian functions. For the functional form and description of the parameters, see Ngo et al. (2015) . We use a maximum likelihood estimation routine to find the best fit parameters and create an analytic form for our PSF model using these parameters. Integrating this PSF model over a circular aperture for each star yields the flux ratio. The difference in the stellar position parameters determines the separation as projected onto the NIRC2 array. To get the true on-sky separation and position angle between the stars, we use the known NIRC2 astrometric corrections (Yelda et al. 2010; Service et al. 2016 ) to account for the NIRC2 distortion and rotation 12 . These astrometric corrections include uncertainties on the distortion, plate scale and orientation of the NIRC2 array and we include all of these uncertainties in our reported errorbars for our measured separation and position angle.
For each individual calibrated frame, we compute the flux ratio and separations as outlined above. We then report the best estimate for each of these values as the mean value from all of the frames. We estimate our measurement error as the standard error on the mean.
We report the best fitting flux ratio between primary and companion stars as a magnitude difference in each survey bandpass in Table 3 . We also use apparent magnitudes of the primary star from the 2MASS catalog (Skrutskie et al. 2006) to compute the apparent magnitudes of the companion stars in all bands. Tables 4  and 5 report all computed photometry and K-band astrometry, respectively, of our detected companion stars.
Common proper motion confirmation
We are interested in determining whether or not our detected companion stars are gravitationally bound to the primary star. For our candidate mutli-stellar systems, we followed up with K-band images to verify that the companion star shares common proper motion with the primary star. Following the procedure described in Ngo et al. (2015), we calculate the evolution of the companion's separation and position angle if it were a background object and compare it to the actual measured separation and position angle at each observation date in Figures 3 and 4 . When our candidate companions have been imaged in other surveys and these other surveys report a separation and position angle with uncertainties, we also include these previous measurements. Table 5 lists all the astrometric measurements used in our analysis.
Masses and separation
For each confirmed multi-stellar system, we compute the companion star's physical parameters using the method described in Ngo et al. (2015) . In brief, we model the primary and companion star fluxes by integrating the PHOENIX synthetic spectra (Husser et al. 2013) over the observed bandpass. We use the set of models corresponding to solar metallicities and composition ([Fe/H]= 0, [α/H]= 0). For the primary star, we use previously published measurement of stellar mass, radius, effective temperature and distance as listed in Table 2. For the companion star, we use the same distance measurement and calculate the companion star effective temperature that would result in a companion star flux that matches the observed flux ratio. We use the zeroage main sequence models from Baraffe et al. (1998) to determine the companion star's mass and radius from the effective temperature. Our error budget includes all relevant measurement uncertainties but does not include any model dependent uncertainties from the PHOENIX 12 The Yelda et al. Table 5 and open symbols show the expected position if the candidate object were a very distant background object. Circles are measurements from our campaign while squares are measurements from other studies. When the solid symbols and open symbols differ and when the measurement values are consistent with each other at all observation epochs, then we can conclude our detected object is a physically bound companion. Objects labeled as "B" have common proper motion, as "cc" are candidate companions and as "bg" are background objects. See Section 4. Continued in Figure 4 . spectra or the zero-age main sequence model. We calculate effective temperatures for each candidate companion based on the measured flux ratios in the J, H, and K bands, and ask whether the brightness ratios across all three bands are consistent with the same stellar effective temperature. We report these individual effective temperatures values as well as the average across all three bands in Table 6 .
The projected spatial separations are computed using our measured projected on-sky separations and the stellar distance. Because the majority of our stars do not have measured parallaxes, we use a spectroscopic distance estimated derived from the spectral type and the star's apparent magnitude.
Contrast curves
We calculate contrast curves for all targets imaged, regardless of whether or not a companion was detected. Our algorithm is described in Ngo et al. (2015) . Figure 5 shows the K-band 5σ contrast limit, in magnitudes, for all targets discussed in this paper. We are able to reach a 5σ contrast of ∆K = 8 for most of the targets surveyed. When considering our survey's sensitivity for each target we use its individual contrast curve as discussed in Section 5.1, below. 
NOTES ON DETECTED COMPANIONS
We find 17 candidate stellar companions around 15 of the systems observed, of which 3 are reported for the first time in this paper. In this section, we discuss each system individually and categorize them according to whether or not the companion is bound or not as confirmed by common proper motion measurements. For targets where our astrometric measurements are inconclusive we consider whether or not the companion has colors consistent with the expected spectral type for a bound companion. Our analysis confirms 6 companions as gravitationally bound, identifies 10 candidate companions with inconclusive astrometric measurements and colors consistent with those of a bound companion, and finds 1 candidate companion to be a background object. For each candidate companion, we report the differential magnitude ∆K, separation ρ and position angle (PA) from our first detection epoch for comparison with detections from other studies. We also discuss any observations previously reported by other studies.
Bound companions

HAT-P-27 (WASP-40)
We find a companion with ∆K s = 3.52 ± 0.05, ρ = 0 ′′ .656 ± 0 ′′ .002 and PA = 25 (2015) also found a candidate stellar companion at the same separation, however they note that the companion was too dim for them to reliably measure its flux. Our three astrometric measurements show that this companion is physically bound, an argument that is strengthened by the inclusion of the sin- 
HAT-P-29
We find a companion with ∆K ′ = 6.9 ± 0.2, ρ = 3 ′′ .290 ± 0 ′′ .002 and PA = 159
• .89 ± 0 • .03. Due to our dithering pattern, this faint companion only appeared in a subset of our dithered images. As a result, we failed to identify it in our original 2012 images. After Wöllert et al. (2015) pointed this out, we revisited our old observations and found that the companion was indeed present in a subset of the frames. Inspection of the contrast curve for this system from Ngo et al. (2015) confirms that the companion fell below our formal 5σ detection limit, and is therefore consistent with the nondetection reported in Ngo et al. (2015) . We obtained new images of the system in 2015, in which we planned our dither pattern to make sure that the companion remained in the frame in all images. Although the Wöllert et al.
(2015) astrometric uncertainties were too large to verify common proper motion, our measurements from 2012 and 2015 show the candidate is consistent with a bound stellar companion.
HAT-P-35
We find a companion with ∆K s = 3.19 ± 0.06, ρ = 0 ′′ .932 ± 0 ′′ .002 and PA = 139 ′′ .016 ± 0 ′′ .011 and PA = 149
• .4 ± 0 • .2. This measurement is discrepant at the 10σ level to both of our measurements and at 7σ to the Wöllert & Brandner (2015) measurement.
HAT-P-39
We find a companion with ∆K s = 4.2 ± 0.1, ρ = 0 ′′ .898 ± 0 ′′ .002 and PA = 94
• .3 ± 0 • .1. Our observations in early 2013 and late 2014 show that this candidate companion has the same proper motion as the primary star. The color of this candidate companion is also consistent with a late-type main sequence star. We therefore consider this candidate to be a bound stellar companion.
This system was also imaged by Wöllert et al. (2015) but they did not report a companion. Their detection limit at 1
′′ was ∆z ′ = 4.9. Our temperature estimate indicates the companion is an early M dwarf, therefore, this candidate may have been below the detection limit of these observations.
WASP-58
We find a companion with ∆BrG = 4.4 ± 0.1, ρ = 1 ′′ .281 ± 0 ′′ .002 and PA = 183
• .37 ± 0 • .07. This companion was originally reported in Wöllert et al. (2015), and when we combine our single epoch of imaging with the single epoch from their paper we find clear evidence that this candidate is a gravitationally bound companion.
WASP-76
We find a companion with ∆BrG = 2.7 ± 0.1, ρ = 0 ′′ .441 ± 0 ′′ .002 and PA = 215
• .6 ± 0 • .2. This companion was first discovered by Wöllert & Brandner (2015) and also followed up by Ginski et al. (2016) . When combined with the single-epoch astrometry from these two papers our new epoch of astrometry indicates that this companion is gravitationally bound.
Candidate companions 4.2.1. HAT-P-5
We find a companion with ∆K s = 6.7 ± 0.2, ρ = 4
′′ .314 ± 0 ′′ .003 and PA = 267
• .83 ± 0 • .03. Our astrometric analysis is not well matched by models for either a bound companion or a background object. Because the color of this candidate companion is consistent with a late-type main sequence star, we tentatively consider HAT-P-5 to be a candidate multi-stellar system for the our companion fraction analysis.
This system was also imaged by Daemgen et al. • , but classified it as a non-detection because the companion's brightness was below their 4σ detection limit. We do not use their astrometric point in our analysis because there is no uncertainty reported on their separation.
HAT-P-28
We find a companion with ∆K s = 3.17 ± 0.04, ρ = 0 ′′ .994 ± 0 ′′ .002 and PA = 210
• .7 ± 0 • .1. Wöllert & Brandner (2015) previously reported a candidate stellar companion at a position consistent with our measurement. We include this previous astrometric measurement but it is not precise enough to allow us to distinguish between comoving and bound tracks. Since both our study and Wöllert & Brandner (2015) find the color of the candidate companion to be consistent with a late type main sequence star, we consider this to be a candidate multi-stellar system in our analysis.
HAT-P-41
We find a companion with ∆K s = 2.65 ± 0.08, ρ = 3 ′′ .615±0 ′′ .002 and PA = 184 (2016) all report finding a companion at a similar position. When all observations are taken in account, the astrometric measurements are not well-matched by models for either a bound companion or a background object. Our companion color and effective temperature as well the previous studies' color measurements indicate this companion is consistent with a late type main sequence star at the same distance as the primary star. So, we consider HAT-P-41 to be a candidate multi-stellar system.
HAT-P-54
We find a companion with ∆K s = 6.5 ± 0.2, ρ = 4
′′ .557 ± 0 ′′ .003 and PA = 135
• .54 ± 0 • .03. Because the central star has a spectral type of K7, the measured flux ratio predicts a companion temperature below 2300 K, the lower limit on the PHOENIX models. Therefore, we used a blackbody to model the spectral energy distribution of both the central star and companion. This candidate companion was originally reported in Wöllert & Brandner (2015) . Their 2014 measurements are consistent with both our 2016 measurement and the background track. Their 2015 measurement has a separation measurement that differs from ours by 3σ but a consistent position angle. Our measured ∆K s magnitudes corresponds to an effective temperature of 1941 K ± 75 K for this candidate companion, indicating that it may be a brown dwarf. The ∆i ′ and ∆z ′ measurements from Wöllert & Brandner (2015) are also consistent with a brown dwarf candidate.
TrES-1
We find three objects around TrES-1. The object closest to the primary has ρ = 2 ′′ .340 ± 0 ′′ .01 and PA = 172
• .9 ± 0 • .1. This object is too faint for us to get a reliable flux measurement. Our images show a range of differential magnitudes between ∆K s from 7.5 to 9.0. Adams et al. (2013) imaged this system in 2011 and reported a companion with ∆K s = 7.7, ρ = 2 ′′ .31 and PA = 174
• . Although they do not report any uncertainties, these photometric and astrometric values are consistent with our detection. They also do not detect any additional objects. Our two epochs are consistent with neither the background and comoving tracks. This object remains a candidate companion and we label it as TrES-1 cc1.
The next closest object has ∆K s = 6.67 ± 0.06, ρ = 4
′′ .940 ± 0 ′′ .002 and PA = 148
found a companion consistent with this detection. We include this previous measurement with our two epochs and find that the positions are consistent with both a comoving and background track. Our study shows the companion color is consistent with a late type main sequence star at the same distance as the primary star. We label this candidate companion as TreS-1 cc2.
The furthest object has ∆K s = 5.7 ± 0.1, ρ = 6 ′′ .355 ± 0 ′′ .002 and PA = 47
• .31±0
• .02. Faedi et al. (2013) found a companion consistent with this detection. We include this previous measurement with our two epochs and find that the positions are consistent with the background track only. Therefore, we do not include this object in further analysis and we label it TrES-1 bg.
Finally, this system was also imaged by Daemgen et al. (2009), but they did not report any companions to TrES-1. They restricted their search to companions within 2 ′′ , which would miss all three objects discussed here. In our multiplicity analysis, we count this as a candidate multi-stellar system.
WASP-33
We find a companion with ∆K s = 6.11 ± 0.02, ρ = 1 ′′ .940 ± 0 ′′ .002 and PA = 276
finds a companion at a consistent position angle but at a separation of 1 ′′ .961 ± 0 ′′ .003, which is 6σ larger than our measurement. However, they report applying a rotation correction but not a NIRC2 distortion correction. Our mass and temperature estimates are also consistent with their mass (between 0.1 M ⊙ and 0.2 M ⊙ ) and temperature (3050 K ± 250 K) estimates. They also show that the candidate companion and primary star lie on the same isochrone and argue that these objects are bound. 
WASP-36
We find a companion with ∆K s = 2.7 ± 0.1, ρ = 4
′′ .869 ± 0 ′′ .002 and PA = 66
• .98 ± 0 • .02. This candidate companion was reported in Wöllert & Brandner (2015) and Evans et al. (2016) . We obtained an additional epoch in 2016. All measurements are consistent with each other and also with the background track. We expect that another epoch of Keck imaging in the next 1-2 years should allow us to determine whether or not the companion is bound.
WASP-48
We
′′ .571 ± 0 ′′ .003 and PA = 208
• .32 ± 0 • .04. Our astrometric measurements are not well-matched by models for either a bound companion or a background object. For now, we consider this a candidate multi-stellar system because the companion's color is consistent with a late type main sequence star.
This system was also imaged by Wöllert et al. (2015) but they did not report a companion. They only report detection limits out to 2 ′′ , which was at ∆z ′ = 6.1 for this target. Our temperature estimate indicates the companion is an early M dwarf, therefore, this candidate may have been below the detection limit of these previous observations.
WASP-103
We find a companion with ∆K s = 1.97 ± 0.02, ρ = 0 ′′ .239 ± 0 ′′ .002 and PA = 131
• .3 ± 0 • .4. The position measurements from our study and Wöllert & Brandner (2015) are consistent with each other, but the large uncertainty from the previous study prevents us from ruling out a background object. In addition, our companion color and effective temperature estimates are consistent with a late type main sequence star at the same distance. Evans et al. (2016) also imaged this system but reported that this companion is below their survey sensitivity.
SURVEY RESULTS
We combine our new companion search sample of 27 systems (see Section 2 for a description of the sample selection) with the original sample of 50 systems surveyed in Ngo et al. (2015) in order to derive an updated estimate of the stellar multiplicity of these stars. We include all confirmed and candidate multi-stellar systems in this analysis. Although we reserve the label of confirmed companion for systems where we can demonstrate that the companion has the same proper motion as the primary, we expect that most if not all of our candidate companions are also likely to be bound. We base this argument on the fact that they have colors consistent with those of a bound companion, and also that their projected separations and contrast ratios make them unlikely to be a background object (e.g. 2016) have suggested that a background red giant star at a moderate distance would have photometric and astrometric measurements consistent with both background and bound object tracks. Additional measurements would help to distinguish these two cases. We report a total raw stellar companion fraction of 27 out of 77 stars, or 35 % ± 7 %. Figure 6 shows the distribution of projected separations and mass ratios for the confirmed and candidate companions from this study and Ngo et al. (2015).
AO survey incompleteness correction
We correct our raw companion fraction for survey completeness following the procedure described in Ngo et al. (2015) for each of our 77 targets. In brief, we generate 2.5 million simulated companions over a 50x50 grid in mass and semi-major axis. Each simulated companion has an orbital eccentricity drawn from a uniform distribution (Raghavan et al. 2010) and randomized orbital Table 6 . The lines represent the minimum companion mass necessary to excite KozaiLidov oscillations at a timescale short enough to overcome general relativity pericenter precession. These representative lines assume a primary stellar mass of 1.0 M ⊙ , a planetary mass of 1.0 M Jup , a circular planetary orbit and a stellar companion eccentricity of 0.5. The three lines (solid, dashed, and dotted) represent the difference in pericenter precession timescales for a hot Jupiter starting at 1 AU, 2.5 AU and 5 AU, respectively. Companions must be above and to the left of these lines to overcome general relativity pericenter precession timescales.
elements. If the simulated companion's brightness ratio is above the 5σ contrast limit as computed in Section 3.4 at the projected on-sky separation, then we count it as a detection. We then calculate the average sensitivity over all grid cells where we weight each cell according to the probability that a field star would have a companion in the stated mass and semi-major axis range according to Raghavan et al. (2010) . The i-th target's survey sensitivity is called S i and it represents the fraction of stellar companions between 50 AU and 2000 AU (our survey phase space) that our observations could have detected.
Next, we can use our estimate of survey completeness for each star, S i , to compute the true companion fraction, η, for any arbitrary set of stars in our survey sample. We write the likelihood L of observing N d detected companions out of a set of N stars as:
where the product sum over i is for the targets with a detected companion while the product sum over j is for the targets without a detected companion. We define the companion fraction η as the fraction of stars with one or more stellar companions in our survey phase space. Thus, we also make the assumption that S i = 1 for all systems with at least one detected companion. This is equivalent to assuming that there are no further companions within our survey phase space around targets with at least one companion already detected. This assumption is supported by our observational results and previous studies such as Eggleton et al. (2007) . We determine the posterior probability distribution of η by maximizing the above likelihood via the Affine-Invariant Markov Chain Monte Carlo scheme implemented by the "emcee" python package (Goodman & Weare 2010; Foreman-Mackey et al. 2013). We use a uniform prior on η between the possible values of η = 0 and η = 1. We report the 68% confidence interval on η as the uncertainties on our best estimate of η for each of the following set of targets in our survey sample. For more details on our calculation of S i , L, and η, see Ngo et al. (2015).
Stellar companion fraction for
hot Jupiter hosts vs. field stars First, we report the companion fraction of the entire survey sample to be 47% ± 7% (47% ± 12% for the new targets presented in this work) for companions with separations between 50 AU and 2000 AU. This overall companion fraction is consistent with our previously reported companion fraction of 49% ± 9% in Ngo et al. 2016), we compute the sensitivity to stellar companions (masses greater than 0.08 M ⊙ ) for the 50 targets in our sample with long term radial velocity data. Figure 7 shows the resulting average sensitivity contours for AO imaging and radial velocity data sets as a function of companion semi-major axis. With the exception of one target, our radial velocity monitoring rules out stellar companions within 50 AU. The only exception is the stellar companion to HAT-P-10, detected by both our radial velocity survey We also compare our overall companion fraction for hot Jupiter host stars with that of solar-type field stars. In Ngo et al. (2015), we were sensitive to stellar companions with periods as short as 10 4 days for some of our nearby targets, which corresponds to separations of 10 AU. Without a constraint on potential stellar companions within 50 AU from radial velocity monitoring, we made the conservative choice to compare our AO detected companion fraction to the field star population with periods between 10 4 days and 10 7.5 days (corresponding to separations between 10 AU and 2000 AU for solar-like stars). However, surveys of star-forming regions indicate that binaries with separations less than 50 AU have significantly shorter disk lifetimes while binaries with larger separations appear to have disk lifetimes comparable to those of single stars (e.g. Kraus et al. 2012 ). In addition, Kraus et al. (2016) surveyed 382 Kepler planet host stars and found that there is a 4.6σ deficit in stars with binaries closer than 50 AU compared to field stars, suggesting that these close binaries negatively influence planet formation (see also Wang et al. 
2015)
. We therefore change our approach in this analysis to consider the multiplicity rate for companions interior and exterior to 50 AU separately.
We compute the field star companion fraction for companions with periods between 10 5 days and 10 7.5 days (corresponding to separations between 50 AU and 2000 AU for solar-like stars) to be 16% ± 1%. Thus, we find that hot Jupiters have 2.9 times as many companions in this phase space as field stars, where the difference is significant at the 4.4σ level. In contrast, there is a lack of stellar companions to transiting hot Jupiter host stars with separations less than 50 AU. On the other hand, only 3.9 +4.5 −2.0 % of hot Jupiters have stellar companions with separations between 1 AU and 50 AU, while 16.4% ± 0.7% of field stars have stellar companions in this range, corresponding to a 2.7σ difference. We choose a lower limit of 1 AU to avoid systems where the stellar companion could eject the hot Jupiter (Mardling & Aarseth 2001; Petrovich 2015b). We note that if we relax this lower limit and considered all companions with separations less than 50 AU, we find that hot Jupiter hosts have a companion fraction of 3.9 +4.6 −2.0 % while field stars have a companion fraction of 22% ± 1%, which is a difference of 3.8σ. These values are consistent with the results of Kraus et al. (2016) .
In a recent study, Evans et al. (2016) use a sample of 101 systems observed with lucky imaging to derive a completeness-corrected estimate of 38 +17 −13 % for the multiplicity rate of hot Jupiter host stars. This number is in good agreement with our value, but Evans et al. (2016) differ from our study in their calculation of the equivalent field star multiplicity rate. Although their imaging survey is only sensitive to companions beyond 200 AU, they integrate over field star binaries with separations greater than 5 AU, resulting in a field star multiplicity rate of 35% ± 2%. However, we argued above, this conflates two regions with apparently distinct companion occurrence rates. If we instead take 200 AU, or periods of 10 5.9 days, as our lower limit for field star binaries and re-calculate the corresponding field star multiplicity rate we find a value of 15% ± 1%, which is 1.8 σ lower than the hot Jupiter multiplicity rate reported by Evans et al. (2016) . We therefore conclude that their results are consistent with our finding that hot Jupiters a higher multiplicity rate than field stars at wide separations. In order to facilitate comparisons between our study and those of Evans et al. (2016) and Wang et al. (2015), we re-calculate our hot Jupiter companion fraction for separations between 200 AUand 2000 AU. We find a value of 32% ± 6% in this regime, in good agreement with both of these studies. This companion fraction is also 3.8σ higher than the field star companion fraction of 9.0% ± 0.4% for companions separated between 200 AU and 2000 AU.
Distribution of companion mass ratios and
semi-major axes Next, we compare the observed distribution of companion mass ratios and semi-major axes with those of field stars. Figure 8 shows the survey's observed companion fraction, the survey's completeness corrected companion fraction η M , and the completeness corrected field star companion fraction (Raghavan et al. 2010) as a function of companion star mass ratio. We find that distribution of mass ratios for the stellar companions detected in our survey is concentrated towards small values, unlike the relatively uniform distribution observed for field stars. It is possible that our distribution is shaped at least in part by observational biases in ground-based transit surveys, where binary companions with separations less than 1 ′′ are likely to be blended with the primary in the survey photometry, therefore diluting the observed transit depths in these systems. Equal mass binaries with projected separations of less than 0 ′′ .5 are also challenging targets for radial velocity follow-up due to the blended nature of the stellar lines, and it is possible that these kinds of systems might receive a lower priority for follow-up as compared to apparently single stars or those with relatively faint companions. Wang et al. (2015) found three stellar companions to Kepler shortperiod (P < 10 days) giant planet hosts with ∆K 0.5, corresponding to mass ratios greater than 0.8. While this is consistent with the idea that ground-based transit sur- veys might be biased against detecting hot Jupiters orbiting equal mass binaries, the current transiting sample are missing this population of hot Jupiters, the current sample sizes are too small to apply a correction.
While the field star companion fraction rises up to mass ratios of 0.3, our survey companion fraction is largest for mass ratios less than 0.2. Although Raghavan et al.
(2010) corrected their field star sample to account for survey incompleteness at the lowest mass ratios, it is possible that their correction underestimated the true incompleteness at small mass ratios. Because this trend is seen in the completeness corrected companion fraction but not the observed companion fraction, we considered whether it could be an artifact introduced by our completeness correction calculation. We generate simulated companions down to a mass of 0.08 M ⊙ , which is a mass ratio of 0.05 for our most massive survey target and less than 0.1 for all but one of our survey targets (for WASP-43, this limit corresponds to a mass ratio of 0.13). Therefore, while the smallest mass ratio bin may have unequal sizes for each target, the second smallest bin is the same for all targets and also shows an enhanced companion fraction relative to that of field stars. Although our correction is more uncertain at lower masses, the difference between our completeness corrected companion fraction and the field star distribution in the 0.1-0.2 mass ratio bin is greater than the uncertainty by 2.8σ. Figure 9 shows the survey's observed companion fraction, the survey's completeness corrected companion fraction η S , and the completeness corrected field star companion fraction (Raghavan et al. 2010) as a function of companion star projected separation. The comparison is made in logarithmic space for projected separation as Raghavan et al. (2010) found that the periods of companion stars follow a log-normal distribution. This plot shows a higher companion fraction in our survey than in the field star sample. However, we find that the relative distribution of companion separations in our sample is in good agreement with those of the field star sam-ple. Although our distribution appears to be effectively uniform, this is consistent with the log-normal distribution reported in Raghavan et al. (2010) 
Multiplicity and host star metallicity
We next investigate whether our measured companion fraction could be affected by differences in the metallicities of the stars in our sample as compared to the field star sample. Raghavan et al. (2010) found tentative evidence for a rise in the multiplicity rate for metal-poor ([Fe/H] < −0.3) stars and a uniform multiplicity rate for metallicities between -0.3 and +0.4. Our targets have metallicities ranging from −0.29 to +0.45. We therefore conclude that the increased companion fraction for our sample of hot Jupiter hosts is unlikely to be due to the higher metallicities of our stars as compared to the field star sample.
We also considered whether the presence of companions in our sample is correlated with the metallicities of the host stars, although we would not expect such a correlation based on the results from the field star sample. If we simply compare the host star metallicity distribution of single and multi-stellar systems, we find that they are consistent with each other. This is not surprising, as the typical metallicity uncertainties are between 0.1 dex and 0.2 dex, which is a significant fraction of the total metallicity range spanned by our sample. 6 . DISCUSSION Our survey results show that stellar companions are found in hot Jupiter systems at a rate which is higher than the rate for field stars, that these companions tend to have low mass ratios, and that their distribution of projected separations is similar to that of field stars over the range of separations considered here (50 AU to 2000 AU). Here, we discuss two potential ways in which companion stars might influence hot Jupiter formation. We first consider whether these wide stellar companions could enhance the global gas giant planet formation rate, and then consider whether or not they might preferentially enable the inward migration of gas giant planets formed at larger separations.
6.1. Are multi-stellar systems more favorable for gas giant planet formation? One possible explanation for the higher multiplicity rate of hot Jupiter host stars is that these systems are more favorable sites for gas giant planet formation than single stars. For example, a stellar companion could raise spiral arms in a protoplanetary disk. These spiral arms are regions of high particle and gas density, which may be conducive to giant planet formation (e.g. (2015) showed that these structures are best explained as perturbations from this companion rather than processes intrinsic to the disk. HD 141569 is part of a triple system and also hosts an asymmetric disk (for a summary of these features see Biller et al. 2015, and references therein) with a structure that can plausibly be attributed to perturbations from these stellar companions ( The mass ratios and separations of these two systems are similar to those of the binaries in our study, suggesting that the presence of a stellar companion can facilitate planet formation in these systems.
Alternatively, protoplanetary disks around wide binaries might be more massive than those around single stars, and therefore would have more material available for giant planet formation. Although current observations suggest that close (< 50 AU separation) binaries have shorter disk lifetimes, disks in wide binaries appear to have lifetimes comparable to those of isolated stars (Kraus et al. 2012). Planet formation simulations predict that higher-mass disks will form highermass planets (e.g. Thommes et al. 2008; Mordasini et al. 2012 ). In addition, Duchêne & Kraus (2013) suggest that the timing of fragmentation in protostellar disks could create an asymmetric mass distribution resulting in a low mass ratio companion with a relatively small disk as compared to that of the primary star. These scenarios assume that the companion stars formed at the same time as the primary star, rather than being captured.
High contrast imaging and radial velocity surveys of planet-hosting stars in the Kepler sample suggest that binary star systems are less likely to host small, closein planets than their single counterparts (Wang et al. 2014). Although this might be interpreted as an argument against the massive disk scenario, it might conversely be argued that rocky cores embedded in a more massive disk are more likely to reach runaway accretion and turn into gas giants (e.g. Ikoma et al. 2000; Lee & Chiang 2015). These gas giant planets could then become hot Jupiters via Type II disk migration (e.g. Lin et al. 1996) or via interactions with the stellar companion as described below. Additionally, cores that reside in close proximity to the host star may also undergo runaway accretion, leading to in-situ formation of hot Jupiters 
Are binary systems causing planets to migrate inwards via Kozai-Lidov oscillations?
We next consider a scenario in which gas giants form at the same rate around both single and binary stars, but the presence of a stellar companion causes these planets to migrate inward from their formation locations via three-body interactions such as Kozai-Lidov oscillations (e.g. Fabrycky & Tremaine 2007; Naoz et al. 2012). We compute representative minimum mass ratios as a function of companion separation required for the stellar companion to excite Kozai-Lidov oscillations on a 1 M Jup mass planet. In single planet systems, this constraint is set by the planet pericenter precession timescale caused by general relativity. We therefore calculate the companion mass and separation such that the Kozai-Lidov oscillation timescale is equal to the pericenter precession timescale, following Equations 1 and 23 in Fabrycky & Tremaine (2007) . For these representative limits, we assume a primary star mass of 1 M ⊙ , a companion star orbital eccentricity of 0.5 and a circular orbit for the planet. These expressions scale with the companion star's orbital eccentricity as (1 − e 2 ) 1/2 and with the planet's orbital eccentricity as (1 − e 2 ) −1/3 , so the effect of a non-zero planetary eccentricity is mild. We choose 0.5 as the representative stellar eccentricity as previous studies of stellar companions around FGK stars in our solar neighborhood show that stellar companions with periods longer than 12 days have eccentricities uniformly distributed between 0 and 1 (Raghavan et al. 2010). We compute three different representative limits for planets with starting semimajor axis distances of 1 AU, 2.5 AU and 5 AU, and compare these limits to the masses and projected separations of our observed population of stellar companions in Figure 6 .
We next compute the completeness corrected fraction of hot Jupiter systems with stellar companions that are capable of inducing Kozai-Lidov oscillations. Unlike the calculation of representative cases above, we now use actual system parameters for each target, including the primary star mass and planet mass. Unfortunately the orbital parameters of the companion star, such as eccentricity and inclination, are unknown because our baselines are not currently long enough to detect orbital motion in these systems. Because the Kozai-Lidov timescale depends only weakly on the eccentricity of the companion for values less than 0.9, we obtain equivalent results if we set the eccentricities of the companions to 0.5 in our distributions as compared to sampling from a uniform distribution. We assume that if a companion is present, its mutual inclination will be greater than the critical angle required to induce Kozai-Lidov oscillations. We do not account for suppression of the stellar KozaiLidov due to interactions with other planetary or brown dwarf companions, which are known to exist in a subset of these systems ( The resulting numbers therefore represent an upper limit on the fraction of hot Jupiter systems that have experienced Kozai-Lidov in the most optimistic case. We compute these fractions for three different initial planetary semimajor axes, at 1 AU, 2.5 AU, and 5.0 AU, and we find that the upper limits to be 16% ± 6%, 34% ± 7%, and 47% ± 7%, respectively. We also average over all potential initial planetary semimajor axes between 1 AU to 5 AU by sampling from the Cumming et al. (2008) power law distribution fit to the population of known RV-detected gas giant planets. We find that the upper limit on the fraction of hot Jupiter systems that formed via Kozai-Lidov migration in this case is 32% ± 7%.
We also consider a more realistic case in which we account for the fact that the presence of additional gas 2014) found that 51% ± 10% of hot Jupiter systems have long period RV-detected companions so we multiply our optimistic Kozai-Lidov upper limits by a factor of 0.49 and find that our realistic upper limit on the fraction of hot Jupiter systems that formed via Kozai-Lidov migration is 16% ± 5%. Although a critical mutual inclination, which depends on the planet's initial eccentricity, is required for this mechanism, we do not know the stellar companion inclination distribution for hot Jupiter systems or the eccentricity distribution of proto-hot Jupiters. If we assume an isotropic distribution of stellar companions, then our corresponding upper limit on the fraction of Kozai-Lidov systems will decrease by a factor of 0.37, to 6% ± 2%. However, if Kozai-Lidov migration is a strong contributor to hot Jupiter migration, then it is possible that the inclination distribution for hot Jupiter companions are not isotropic. In addition, Martin et al. (2016) show that planet-disc interactions in binary star systems can act to tilt the planet's orbit so that the angle between the planet and companion is greater than the critical angle. We therefore conclude that the inclusion of a geometric correction for companion inclination is not currently justified, leaving us with an estimate of 16% ± 5% for the fraction of hot Jupiters that might have migrated via Kozai-Lidov oscillations induced by a stellar companion.
These upper limits are consistent with a range of recent theoretical work constraining the frequency of KozaiLidov oscillations in hot Jupiter systems. Simulations of binary star planet hosting systems considering the eccentric Kozai-Lidov mechanism to octopole order find that the eccentric Kozai-Lidov mechanism can account for the formation of up to 30% of hot Jupiter systems (Naoz et al. 2012). Dawson et al. (2015) estimate the 2σ upper limit on the fraction of hot Jupiters with periods greater than 3 days that could have migrated in via Kozai-Lidov interactions with a stellar companion to be 44%, based on the relatively long circularization timescales in these systems and the corresponding absence of a large population of high eccentricity gas giants at intermediate separations in the Kepler sample. This calculation implicitly assumes that all systems have an outer planetary or stellar companion capable of inducing a high eccentricity in the proto-hot Jupiter, but does not specifically require that this occur via Kozai-Lidov oscillations. Petrovich (2015a) performed simulations similar to Naoz et al. (2012) with a more restrictive value for the tidal disruption distance, that is, the pericenter distance where an inwardly migrating planet would be tidally disrupted instead of forming a hot Jupiter. When he considers the currently observed hot Jupiter occurrence rate and semi-major axis distribution, he finds that at most 23% of observed hot Jupiters could have been formed via Kozai-Lidov migration. We note that both Naoz et al. (2012) and Petrovich (2015a) assumed that hot Jupiter host stars have companions at the same rate as field stars, which means their limits are underestimated by a factor of two. However, they also assume that the proto-hot Jupiter is the only planet in the system, resulting in a factor of two over-estimate which effectively cancels the under-estimate due to the enhanced binary rate in these systems. As demonstrated in Figure 6 , the upper limit we derive here is primarily sensitive to our assumptions about the starting semi-major axes of the proto-hot Jupiters. Because the stellar companions detected in our survey typically have low masses and large projected separations, many of them require large initial semi-major axes for the planet in order to achieve the required inward migration. In addition, if hot Jupiter survey selection biases exclude hot Jupiters in equal mass binaries (see Section 5.3), then our sample may not be representative of the entire population of hot Jupiters. Nevertheless, Kozai-Lidov oscillations cannot be the dominant migration mechanism for transiting hot Jupiter systems from ground-based surveys.
It is worth noting that there are other ways in which a stellar companion might affect the dynamical evolution of planetary systems beyond the Kozai-Lidov migration scenario considered here. For example, Batygin (2012) and Spalding & Batygin (2014 have proposed that the presence of a companion could change the orientation of the protoplanetary disk relative to the star's spin axis. It is our hope that the observations described here will serve to motivate new studies of the effects of the observed population of stellar companions on the dynamical evolution of these systems. We expect that future observations, e.g. by Gaia, may also provide additional constraints on the orbital properties of these stellar companions, at least in the subset of systems for which it is possible to detect astrometric motion of the secondary on several year timescales.
7. SUMMARY We conducted a direct imaging search for stellar companions around 77 transiting gas giant planet hosts and combine our results with a radial velocity stellar companion surveys to determine the occurrence of stellar companions around hot Jupiter hosts. We detected a total of 27 candidate stellar companions, including three companions reported for the first time in this study. We also followed up on five systems with known candidate companions identified in published surveys. For all detected companions, we measure their flux ratios and positions to characterize the companion properties and evaluate the likelihood that they are physically bound to their host stars. We also provide updated photometric and astrometric measurements for all systems, including previously published candidate companions. We confirm common proper motion for six new multi-stellar systems while the other nine examined in this study remain candidate multi-stellar systems.
Overall, we find that hot Jupiters have a stellar companion rate of 47% ± 7% for companions between 50 AU and 2000 AU. This is 4.4σ larger than the equivalent companion rate for field stars, which is 16% ± 1%. For companions between 1 AU and 50 AU we find that only 3.9 +4.5 −2.0 % of hot Jupiter systems host stellar companions while field stars have a companion rate of 16.4% ± 0.7%, corresponding to a difference of 2.7σ. We suggest that there may be a connection between the presence of a companion star beyond 50 AU and processes that either favor giant planet formation or facilitate the inward migration of planets in these systems.
We examine the companion fraction as a function of companion mass and companion separation and compare these distributions to those of field star binaries. We find that the mass ratio distribution for binaries hosting hot Jupiters peaks at small mass ratios, unlike the relatively uniform distribution of mass ratios observed for field star binaries. Although this may in part reflect a bias against equal mass binaries in photometric transit surveys, it is also plausible that higher mass companions might actively suppress planet formation by disrupting the protoplanetary disk. As discussed in Section 6.1, the more subtle effects of a low-mass companion on the disk structure could instead aid in planet formation by creating regions of locally enhanced density. Alternatively, protoplanetary disk masses in binary star systems may be higher than those of their isolated counterparts, resulting in globally enhanced disk densities. We also find that the companion fraction does not depend strongly on companion separation for semi-major axes greater than 50 AU.
We additionally use our sample of resolved stellar binaries to calculate an upper limit on the fraction of hot Jupiter systems that might have migrated inward via Kozai-Lidov oscillations. We evaluate this number as a function of the planet's initial semi-major axis and find that the upper limits are 16% ± 6%, 34% ± 7%, and 47% ± 7%, for initial semi-major axes of 1 AU, 2.5 AU, and 5 AU, respectively. When averaged over 1-5 AU using the best-fit power law distribution for RV-detected planets and accounting for the presence of radial velocity companions in a subset of the systems observed, this upper limit is 16% ± 5%. These observational constraints are in good agreement with published theoretical models and simulations of hot Jupiter formation via the KozaiLidov mechanism, which also suggest that Kozai-Lidov driven migration can only account for a small fraction of the known hot Jupiter systems. This work was based on observations at the W. M. Keck Observatory granted by the California Institute of Technology. We thank the observers who contributed to the measurements reported here and acknowledge the efforts of the Keck Observatory staff. We extend special thanks to those of Hawaiian ancestry on whose sacred mountain of Mauna Kea we are privileged to be guests. Note.
-Column Ncc is the number of candidate companions detected. Column "Array" is the horizontal size, in pixel, of the NIRC2 array readout region and corresponds to subarray sizes of 1024x1024 (the full NIRC2 array), 512x512, or 256x264. Column Tint is the total integration time, in seconds, of a single frame. Column N fit is the number of frames used in our photometric and/or astrometric analysis, and is only given when companions are present. Column N stack is the number of frames combined to make the contrast curve measurements. We only compute contrast curves in the K ′ , Ks, Kc, BrG bandpasses so this column is not applicable for other bandpasses. In some cases, N fit and N stack are not equal because the companion may not be present in all frames due to the dither pattern and/or observing conditions. a HAT-P-1 has a known stellar companion (Liu et al. 2014) with a similar mass but at a separation of 11 ′′ .3, it is outside of our survey's field of view. b We originally reported no companions around HAT-P-29 in Ngo et al. (2015) . However, Wöllert & Brandner (2015) reports a faint companion that we had missed earlier. We recovered this companion in our old images and also followed up with more observations in July 2015. 
